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Reservoir engineering is an important tool for quantum information science and quantum thermo-
dynamics since it allows for preparing and/or protecting special quantum states of single or multi-
partite systems or to investigate fundamental questions of the thermodynamics as quantum thermal
machines and their efficiencies. Here we employ this technique to engineer reservoirs with arbitrary
(effective) negative and positive temperatures for a single spin system. To this end, we firstly engineer
an appropriate interaction between a qubit system, a 13C nuclear spin, to a fermionic reservoir, in our
case a large number of 1H nuclear spins that acts as the spins bath. This carbon-hydrogen structure
is present in a polycrystalline adamantane, which was used in our experimental setup. The required
interaction engineering is achieved by applying a specific sequence of radio-frequency pulses using
Nuclear Magnetic Resonance (NMR), while the temperature of the bath can be controlled by appropri-
ate preparation of the initial 1H nuclear spin state, being the predicted results in very good agreement
with the experimental data. As an application we implemented a single qubit quantum thermal ma-
chine which operates at a single reservoir at effective negative temperature whose efficiency is always
100%, independent of the unitary transformation performed on the qubit system, as long as it changes
the qubit state.
The study of quantum thermodynamics has been
growing in recent years since it has allowed a deeper
understanding of the basics laws of thermodynamics
and its limitations that appear when quantum effects are
taken into account [1]. In this context, quantum thermal
machines, which employ quantum systems as the work-
ing medium, have attracted great interest from physi-
cists since it allows investigating the fundamental limits
of thermal machine efficiencies [2, 3]. In a recent work
we have shown, both theoretically and experimentally,
that quantum thermal machines working with one of
the reservoirs at an effective negative temperature [4–7]
present counterintuitive behaviors as higher efficiency
when performing non-adiabatic cycles [8], contrary to
the usual behavior of classic thermal machines which
provide their maximum efficiency only in strictly adi-
abatic processes. In [8] the temperature of the working
medium is simulated by properly preparing the qubit
in a thermal state. So, the natural question is: can we
indeed prepare a real reservoir with arbitrary temper-
ature, even effective negative one, for NMR systems?
By employing reservoir engineering techniques [9, 10],
here we show, experimentally, that this is indeed pos-
sible. The idea behind reservoir engineering relies on
the manipulation of the system-environment interaction
in order to drive the dynamics of the system to the de-
sired state [9]. This technique was already successfully
applied, for instance, to investigate the decoherence of
motional superposition states a trapped ion coupled
to engineered reservoirs [10] and to engineer vacuum
squeezed reservoir for two-level atoms [11]. There are
also theoretical proposals to apply reservoir engineer-
ing techniques for protecting arbitrary superposition of
motional states of trapped ions [12], to engineer steady
squeezed states for single [13] or two harmonic modes
[14, 15], to perform decoherence-free rotations in two-
level atoms [16], to implement quantum computation
and quantum-state engineering driven by dissipation
[17], and to engineer two collective spin ensembles in-
dividually coupled to the same reservoir [18]. Reservoir
engineering was also already applied in spin systems
using NMR technique, e.g., to build a time-dependent
bath [19] or an adjustable system-bath coupling strength
[20]. Following these ideas, here we show how to en-
gineer reservoirs at arbitrary temperatures for a qubit
spin system, even at effective negative ones [4–7] which
allows for intriguing phenomena in thermal machines
[8]. As a special application of reservoirs at effective
negative temperatures, here we implement a new sin-
gle qubit quantum thermal machine, which presents the
advantage of employing a single reservoir and allow-
ing for maximum efficiency (100%), independent of the
process we carry out, as long as the final qubit state is
different from its initial one.
Theoretical model: Our model is inspired on the
adamantane molecule (C10H16), Figure 1a, which is com-
posed of six CH2 groups and four CH groups. The 13C
nuclear spins (S=1/2) are approximately 1.1% of all the
carbon spins contained in an adamantane sample. In
this case we can disregard the carbon-carbon interaction
and, although a carbon spin couples with several 1H
spins close to it, the coupling strength is inversely pro-
portional to the distance between the respective spins,
which allow us to keep only the first-neighbor interac-
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tions. Therefore, we can consider each 13C nucleus as an
independent spin surrounded by a large number of hy-
drogen nuclear spins (I=1/2) that acts as a bath to the
carbons [21–23].
The experiments were performed at room tempera-
ture with a sample of polycrystalline adamantane sub-
jected to a high intensity magnetic field using a Var-
ian 500 MHz Nuclear Magnetic Resonance (NMR) spec-
trometer. We consider S=Sxi+Syj+Szk and I= Ixi+
Iyj+Izk as the nuclear spin operators for 13C and 1H,
respectively, with Sαand Iα, α= x,y,z, the Pauli matri-
ces. In polycrystalline adamantane the spin-spin inter-
action is dominated by the dipolar interaction [24, 25],
while the interaction of the spins with the static mag-
netic field results in a Zeeman splitting with angular fre-
quency ωS for the 13C and ωI for the 1H. Using the secu-
lar approximation, we can neglect the terms of the dipo-
lar coupling Hamiltonian that do not commute with the
strong Zeeman interaction [24]. For modeling the en-
tire spin system, here we propose a configuration of two
linear spin chains, as illustrated in Fig. 1b. We con-
sider that the 13C nucleus is coupled only to the first
hydrogen of each array and each hydrogen nucleus is
coupled only to its first neighbors. The total Hamil-
tonian for this model written in the rotating frame at
the Larmor frequencies is of the form [25] H=HSE+HE,
where HSE and HE are, respectively, the Hamiltonians of
the system-environment interaction and of the environ-
ment, such that
Figure 1. Spin system: a Adamantane molecule and b repre-
sentation of our spin system model composed by a13C atom
coupled to two linear chains of N 1H atoms each.
HSE=Jch ∑
α=a,b
SzIα,1z , (1)
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∑
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y
)]
,
(2)
where the index α= a,b represents the arrays of hydro-
gen spins, being the first one of each array coupled di-
rectly to the 13C. The index k represents the kth 1H
of the bath, being 2N the total number of 1H nuclear
spins in the bath system (N in each array). Jch and Jhh
are, respectively, the carbon-hydrogen and hydrogen-
hydrogen coupling constants.
The natural interaction between the carbon and the
hydrogen is not able to promote flips on the qubit sys-
tem (carbon spin), thus not being immediately useful
for our proposal. To engineer the desired reservoir we
firstly need to build up interactions that allow the ex-
change of energy between the system and the environ-
ment. To this end, we need to manipulate the nuclear
spins in order to obtain an effective suitable Hamilto-
nian. This can be done by applying the sequence of ra-
diofrequency (r.f.) pulses, being each one followed by a
free evolution governed by the system Hamiltonian H
during a short time interval ∆t. This sequence is then
described by the evolution operator
U(τc)= e−
i
2h¯H∆tP4e−
i
h¯H∆tP3e−
i
h¯H∆tP2e−
i
h¯H∆tP1e−
i
2h¯H∆t, (3)
where P1= exp
[−ipi2(Sx+Ix)], P2= exp[ipi2(Sx+Ix)], P3=
exp
[−ipi2(Sy+Iy)], and P4= exp[ipi2(Sy+Iy)] are r.f. pulse
operators that make the spins I and S to flip at angles
pi/2 in the x, −x, y and −y directions, respectively.
We can rewrite the equation (3) as a single evolu-
tion operator governed by an effective Hamiltonian, i.e.,
U(t)= e−
i
h¯He f f t, which can be calculated using average
Hamiltonian theory [25]:
He f f= H¯0+H¯1+H¯2+...H¯p. (4)
The terms of He f f can be calculated from the Mag-
nus’ expansion [26], where H¯0 is the first approxima-
tion for the Hamiltonian and H¯1, H¯2,...,H¯p are the correc-
tion terms [27]. The time interval between the different
pulses used in this work is designed to be small enough
such that the correction terms are reduced close to zero,
remaining only the zeroth-order term H¯0, which is given
by [25]
H¯0=
1
t
M
∑
j=1
∆tjH˜j, (5)
where H˜j=T†j HTj, Tj=
M
∏
m=1
Pm, and t=
M
∑
j=1
∆tj, being M
the number of r.f. pulses. ∆tj is the time duration
that the system evolves under the H˜j Hamiltonian. As
a result, considering our linear spin chain model de-
scribed by the Hamiltonian H (2), we derive the effective
Hamiltonian for the carbon-hydrogen and hydrogen-
hydrogen interactions:
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HSEe f f=J
e f f
ch ∑
α=a,b
(
2SzIα,1z +SxI
α,1
x +SyI
α,1
y
)
, (6)
HEe f f=J
e f f
hh ∑
α=a,b
N−1
∑
k=1
[
2Iα,kz I
α,k+1
z −
(
Iα,kx I
α,k+1
x +I
α,k
y I
α,k+1
y
)]
.
(7)
Je f fch = Jch/4 and J
e f f
hh = Jhh/4 are, respectively, the effec-
tive coupling constants of the interactions between the
nuclear spin of the 13C and its first neighboring hydro-
gens and between the nuclear hydrogen spins of each
chain obtained after the application of the pulse se-
quence described in equation (3). In Figure 2 we plot
the magnetization of the carbon spin in z direction (Mz=
〈Sz〉) as a function of time, derived by solving numeri-
cally the Schrödinger equation, either using the effective
Hamiltonian (dashed line), Eqs. (6) and (7), or by simu-
lating the propagator (3) (full, dotted and dashed-dotted
lines). We considered the initial state of the system as |1〉
(excited) for the carbon nuclear spin and |0〉 (ground) for
all hydrogen nuclear spins. The time duration of each
pulse was fixed as τp=9.89 µs in all cases. However, we
considered different time intervals between each pulse:
∆t=15.10 µs, 1.22 µs and 0.10 µs, for a sequence of 100,
225 and 250 cycles during the total time evolution of 10
ms. We can observe that the lower the value of ∆t, the
better the match between the results predicted via He f f
and those obtained from the pulse sequence described
by equation 3.
Figure 2. Time evolution of the z component of the magnetiza-
tion of the carbon nuclear spin (Mz) coupled to two symmetric
chains containing a total of a 6, b 8 and c 10 spins of hydrogen.
The dashed black line was derived using He f f while the yel-
low (dotted), green (dashed-dotted) and blue (full) lines refer
to the simulations of 100 (∆t=15.10 µs), 225 (∆t=1.228 µs) and
250 (∆t=0.10 µs) cycles, respectively, with pulse sequence de-
scribed by equation 3. The parameters used are: τp=9.89 µs,
Je f fch =550 rad s
−1, Je f fhh =980 rad s
−1. The initial state is |1〉 for
the carbon nuclear spin and |0〉 for all hydrogen spins.
The control of the spin temperature is done by adjust-
ing the hydrogen nuclear spin state [3, 4, 6]. For exam-
ple, by inverting the population of the hydrogen spins,
the environment can be treated as having effective nega-
tive temperatures [28]. To study the dynamics and ther-
malization of the carbon spin system we consider differ-
ent sizes of the environment, for different initial states.
Fig. 3a shows how the dynamics of our carbon spin sys-
tem behaves when we increase the size of the environ-
ment (number of hydrogen spins) when the carbon spin
system is prepared in the excited state |1〉 and the en-
vironment spins with positive temperature, i.e., all of
them in the ground state |0〉. The coupling strengths
Je f fch =550 rad s
−1and Je f fhh =980 rad s
−1 were calibrated
from the experimental data shown in Fig. 4. We ob-
serve that the greater the number of hydrogens in the
spin system, the better the thermalization. In Fig. 3b we
also plot the degree of entanglement between the car-
bon and the first hydrogen spin (first array), quantified
by the Entanglement of Formation (EoF) [29]. A general
bipartite system is entangled if the global density matrix
of the composite system ρ can not be written as as sep-
arable state, i.e., if ρ 6=∑iPiρ(i)C ⊗ρ(i)H , being ρ(i)C (ρ(i)H ) any
possible reduced density matrix for the carbon (hydro-
gen) nuclear spin. When a system is in a separable (not
entangled) state EoF=0, while EoF=1 for maximally
entangled states. From Fig. 3b we see that, for chains
of few hydrogen spins, the entanglement between car-
bon and the first hydrogen spin oscillates all the time.
But, as we increase the number of hydrogen spins, the
carbon spin initially gets highly entangled with the first
hydrogen spin, and then the degree of entanglement de-
creases, becoming close to zero. This means that entan-
glement moves to the other hydrogen spins, disentan-
gling the carbon spin from the hydrogen chains. At the
same time, the state of the carbon spin approaches the
initial hydrogen spin state. This is a clear signature that
the hydrogen spin chains work out as a real thermal bath
for the carbon spin, as desired.
Experimental results: We prepared different initial
states for 13C and 1H simulating different temperatures
of the spin bath for the main qubit (carbon spin) and
measured the expected value of z component of magne-
tization. Initially we start from the thermal equilibrium
at room temperature. In this high-temperature limit, the
spin states are almost equally populated with the excess
of the lower energy state on the order of 10−5. Firstly the
excess population of the carbon spins is prepared in the
excited state |1〉 and the hydrogen spins are kept in the
thermal equilibrium state (with excess of population in
the ground state |0〉), Figure 4a. Then we prepared the
excess population of carbon spins in the state |0〉 and the
hydrogen spins in the thermal equilibrium with nega-
tive temperature (with excess of population in the state
|1〉), Figures 4b. This is obtained by inverting the pop-
ulation of all hydrogen spins with r.f. pulses. During a
short period of time, compared to the thermal relaxation
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Figure 3. a z component of the magnetization of the carbon
nuclear spin as a function of time and number of qubits of the
bath, derived via solution of the Schrödinger equation with
He f f and b EoF between the carbon and first hydrogen spin
(first array). The parameters used are: τp=9.89 µs, ∆t=0.10
µs, Je f fch =550 rad s
−1 and Je f fhh =980 rad s
−1. The initial state is
|1〉 for the carbon nuclear spin and |0〉 for all hydrogen spins.
time of the sample, the transitions between the magnetic
energy levels can be neglected, keeping the hydrogen
spins in an state corresponding to the negative room
temperature thermal state. By modulating the system-
environment interaction, i.e., the carbon-hydrogen in-
teraction, with the sequence of r.f. pulses it is possible
to promote energy exchange between the system and
the environment. The resulting situation is equivalent
to put the carbon spins in contact to a thermal bath with
negative temperature. Still in Figure 4, we do the same
for the bath at infinite temperature, i.e. the hydrogen
spins of the bath is prepared in the mixed state without
population excess ρ= 12(|0〉〈0|+|1〉〈1|), Figures 4c and
4d. In all cases we can observe, in very good agree-
ment between the experimental and the prediction of
our model, that the qubit system tends to thermalize in
the state of the qubit bath, and this happens even when
the qubit system is in the ground state and the qubits
bath are in the excited state.
Slight difference between experimental and theoreti-
cal data can be observed in different regions in all panels
of Figure 4. The origin of these errors are mainly due to
r.f. pulse imperfections and the natural relaxation of the
spins. In NMR, the thermal relaxation time is associated
to the spin-lattice relaxation, which occurs at a charac-
teristic times T1, which for our system are TH1 =0.9 s and
TC1 =1.6 s. These source of errors may reduce the fidelity
F [30], which is a parameter commonly used to quan-
Figure 4. Normalized z component of the magnetization of the
carbon nuclear spin (Mz) as a function of time for the initial
states: a Carbon in |1〉 and hydrogens in |0〉; b Carbon in |0〉
and hydrogens in |1〉; Hydrogens in ρ= 12(|0〉〈0|+|1〉〈1|) and
carbon in c |1〉 and d |0〉. The symbols refer to experimental
data while the dashed lines are derived theoretically via He f f
(with N=22 hydrogen spins). The parameters used here are
Je f fch =550 rad s
−1and Je f fhh =980 rad s
−1.
tify the performance of quantum operations by check-
ing the compatibility between experimental and theo-
retical operators. We can map a process matrix into a set
of transformations of unitary evolutions from the initial
and final density matrices [31]. For this purpose we use
the equation ρ f=∑
mn
χmnEmρiE†n, where ρi and ρ f are the
density matrices at the beginning and end of the pro-
cess, and the operators Em= I,Sx,iSy,Sz must form a ba-
sis. Thus the propagator χmn for the process can there-
fore be quantified.
We performed a quantum tomography process to ob-
tain the implemented propagator and useF to compare
the theoretical and experimental results for χmn. The fi-
delity F between the experimental and ideal matrices
of the thermalization process at positive temperature,
Figures 5a and 5b, and of the thermalization process at
negative temperature, Figures 5c and 5d, are 0.999 and
0.984, respectively.
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Figure 5. Theoretical and experimental process matrices of χmn
of the thermalization processes of the Figures 4a and 4b. The
Figures in the left (right) are the real (imaginary) part. a and
b are, respectively, the experimental and theoretical process
matrices of the Fig. 4a. Panels c and d are, respectively, the
experimental and theoretical process matrices of the 4b.
Quantum thermal machine of a single reservoir: As an ap-
plication for this reservoir technique here implemented,
we propose a single reservoir quantum thermal machine
at an effective negative temperature. The spin 1/2 of the
13C nucleus is the working medium, and the ensemble
of spin 1/2 of 1H nuclei plays the role of the hot ther-
mal reservoir. The Quantum thermal machine can be
described by the relation
ρground
thermalization→ ρ1U(τ)→ ρ2 thermalization→ ρ1. (8)
Firstly the qubit system (carbon nucleus) is put in con-
tact with the hot reservoir, to absorb heat from it (step
described in Fig. 4b, i.e., step ρground→ρ1 in relation
(8)). Therefore, the 13C spin will initially be in a thermal
state equivalent to ρ1= e−β1H1/Z1, where H1=−12h¯ω1Sz
is Zeeman Hamiltonian, being h¯ the Planck’s constant,
ω1 the Larmor frequency of the 13C nuclear spin, Z1
the partition function, and β1=1/kBT such that T<0
is the spin temperature and kB is the Boltzmann con-
stant. Then, our thermodynamic cycle consists of two
steps. (i) In the first step an unitary evolution opera-
tor U(τ) is applied to bring the 13C spin state to ρ2=
U(τ)ρ1U†(τ) (step ρ1→ρ2 in relation (8)). The Hamilto-
nian H1 changes in this process, which is the one where
we can extract work from the machine, then turning to
its initial form at the end of this step. (ii) The second step
consists of thermalization with the hot thermal reservoir
(step ρ2→ρ1 in relation (8)), when the qubit absorbs heat
and then goes back to the state ρ1. Here the Hamiltonian
H1 remains unchanged.
In Figure 6 we show the application of four differ-
ent unitary operators: Fig. 6a Ux= exp
(−ipi2Sx), Fig.
6b Uy= exp
(−ipi2Sy), Fig. 6c Upi= exp(−ipiSx), and Fig.
6d UI= exp
(−2ipiSy)=I, where Ux and Uy are oper-
ators that represent pulses in the x and y directions,
allowing the 13C spin to flip by an angle of pi/2. Upi
is the operator which rotates the spin by an angle of
Figure 6. Population (Pe) of the excited state as a function of
time for different unitary operations. We consider the begin-
ning of our cycle in t=0, starting from a thermalized state with
the environment at a negative effective temperature. The uni-
tary operations performed were: a Ux= exp
(−ipi2Sx), b Uy=
exp
(−ipi2Sy), c Upi= exp(−ipiSx) and d UI= exp(−2ipiSx). The
work is calculated in the unitary operation region (gray re-
gion) and the heat exchanged with the hot thermal reservoir
is calculated in the thermalization region with the reservoir
(blue region).
pi and UI is an identity operator (a complete rota-
tion around the Bloch sphere). The total magnetiza-
tion in the x, y and z directions - MU=(Mx,My,Mz)
- immediately after each unitary operation (second
point in Fig. 6) is MUx=(0.11,−0.92,0.20)a.u., MUy=
(0.96,−0.05,0.13)a.u., MUpi=(−0.01,−0.01,1.0)a.u., and
MUI=(−0.01,0.15,−0.87)a.u..
The gray region in Fig. 8 refers to the carbon nu-
cleus leaving the thermalized state with the hot reser-
voir (spin bath) ρ1 and going to the state ρ2 as a result
of the unitary operation. The average work 〈W〉 per-
formed by the quantum thermal machine is then given
by (see SM of [8])
〈W〉=Tr[ρ2H1]−Tr[ρ1H1]=−h¯ω1ξtanh
(
1
2|β1|h¯ω1
)
, (9)
where ξ= |〈1|U(t)|0〉|2≥0 is the transition probability
between initial state |0〉 and |1〉 and β1=−|β1|<0. Here
〈W〉<0 means that the work is done by the machine.
The blue region in Fig. 6 refers to the thermalization pro-
cess with the hot reservoir, immediately after the carbon
spin being in the state ρ2, which brings it back to the
state ρ1. The average heat 〈Q〉 exchanged with the hot
thermal reservoir is then (see SM of [8])
〈Q〉=Tr[ρ1H1]−Tr[ρ2H1]= h¯ω1ξtanh
(
1
2|β1|h¯ω1
)
. (10)
The results obtained experimentally for the differ-
ent unitary operations are: 〈W〉Ux=−(1.97±0.28)µeV,〈W〉Uy=−(1.84±0.21)µeV, 〈W〉Upi=−(3.27±0.22)µeV,
and 〈W〉UI=−(0.20±0.21)µeV. The heat absorbed
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from the reservoir are: 〈Q〉Ux=(1.96±0.29)µeV, 〈Q〉Uy=
(1.79±0.18)µeV, 〈Q〉Upi=(3.24±0.22)µeV, and 〈Q〉UI=
(0.20±0.21)µeV. Thus, the efficiency η=
∣∣∣〈W〉〈Q〉∣∣∣ for each
process is ηUx=1.00±0.05, ηUy=1.03±0.06, ηUpi=1.01±
0.02 and ηUI=1.00±0.12, i.e., whenever the final state is
different from the initial one, the machine absorbs heat
and converts it entirely into liquid work.
To conclude, here we have applied the reservoir engi-
neering technique to build up reservoirs with arbitrary
temperatures, even effective negative ones, for qubit
systems. Our system is composed by a nuclear car-
bon spin (the main qubit) coupled to a large number
of nuclear hydrogen spins. By properly manipulating
the initial hydrogen state and the carbon-hydrogen and
hydrogen-hydrogen nuclear spin interactions, the effec-
tive dynamics describes the interaction of a qubit with
reservoirs at arbitrary temperatures. We have shown
theoretically that, the larger the number of hydrogen
spins, the better the hydrogen arrays work out as a bath
for the main qubit, which is in excellent agreement with
our experimental results. As an application, we have
implemented a single reservoir heat engine. Several pa-
pers have discussed how to increase the efficiency of
quantum thermal machines, for example via the use of
quantum coherence [32, 33] or artificial environments as
squeezed reservoirs [10, 11]. However, as shown in our
work, the simple use of a single reservoir with nega-
tive effective temperature allows us to obtain maximum
efficiency (η = 1) regardless of the unitary transforma-
tion performed on the qubit (making sure that the final
state is different from the initial one), thus being, to the
best of our knowledge, the simpler and most efficient
quantum thermal machine implemented so far. Nat-
urally, to achieve this result we need to build up this
artificial reservoir, with inverted population, which de-
mands energy, but this is the price we have to pay for
this new technology. For instance, this is quite simi-
lar to what happens to laser, another system based on
inverted population, which is responsible for great sci-
entific and technological advances in the last decades.
Thus, we believe our single reservoir heat engine can be
another interesting application for inverted population
systems and that the results presented here can be very
useful for investigating fundamental and applications
of quantum thermodynamics in general, for instance, to
study quantum thermal engines which require specific
kinds of reservoirs [8, 34, 35].
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